cDNAs encoding the Drosophila 70-kDa S6 kinase (S6K) were isolated by low-stringency hybridization with mammalian p70 S6k probes. Conceptual translation of S6k cDNA sequences yields a product containing all of the canonical features typical of serine͞threonine kinases and has 78% amino acid identity in the catalytic domain with the human p70 S6k homologue. The S6k gene, located at polytene chromosome site 65D, gives rise to two predominant transcripts of 3.0 and 5.0 kb and at least two smaller transcripts (<3.0 kb) that are found in whole-animal RNAs at all stages of development. Blood cells derived from the hematopoietic organs of ribosomal protein S6 (RpS6 air8 ) mutant animals express higher levels of the smaller S6k transcripts, suggesting tissue-or genotype-specific differences in the regulation of the S6k gene. Drosophila S6K expressed in COS or NIH 3T3 cells phosphorylates mammalian RPS6 in a mitogen-dependent wortmanninand rapamycin-sensitive manner, suggesting that its regulation is similiar to mammalian p70 S6k .
The phosphorylation of ribosomal protein S6 (RPS6) is a rapid and highly conserved cellular growth response that is observed during development and͞or in response to a variety of extracellular stimuli (1) . This phosphorylation is correlated with regulation of mRNA translation which, in turn, may influence cell proliferation or differentiation (2, 3) . The kinase responsible for the phosphorylation of RPS6 in mammalian cells is the serine͞threonine kinase p85
S6k ͞p70 S6k (4) (5) (6) (7) . Like RPS6 phosphorylation, p70
S6k activation is a highly conserved mitogenic response. Although a direct activating kinase of p70 S6k has not been identified, biochemical studies have revealed some of the upstream regulators, which indicate at least two distinct signaling pathways influence p70 S6k . One pathway is regulated by phosphatidylinositol 3-kinase [P(I)3K], as revealed by a variety of genetic, mutational, and pharmacological analyses. The latter demonstrate that the P(I)3K inhibitor wortmannin abrogates the mitogen-stimulated activation of both p70 S6k and Akt (also called protein kinase B, RacPK) (8) (9) (10) (11) . Recent studies have demonstrated that Rho family members, Cdc42 and Rac1, are involved in the activation of p70 S6k (11) . A separate pathway contributing to p70 S6k activation involves the FKBP12-rapamycin (RAP)-associated protein (FRAP, also known as mTOR, RAFT, and RAPT) and was demonstrated using the immunosuppressant RAP. RAP, through complex formation with FKBP12 and FRAP causes G 1 -phase arrest in T lymphocytes and other hematopoietic tissues (12) (13) (14) . Many of the effects of RAP correlate with the inactivation of p70
S6k and inhibition of protein synthetic activities.
Inhibition of p70 S6k activation results in the reduction of RPS6 phosphorylation that apparently leads to the selective inhibition of protein synthesis and a delay or arrest at the G 1 ͞S phase of the cell cycle in certain cell types (15) (16) (17) . The requirement for p70 S6k activity during G 1 phase was shown in experiments using neutralizing p70
S6k antibodies that prevented both the activation of protein synthesis and the seruminduced entry of cells into S phase (18) . The molecular events underlying the complex signaling leading to RPS6 phosphorylation are not fully resolved and it is unclear whether RPS6 phosphorylation alone or signaling to other downstream targets is responsible for regulating cell proliferation and͞or differentiation. To more extensively analyze these pathways, we reasoned that a Drosophila p70
S6k would be of value and have identified a cDNA encoding a homologue of the mammalian enzyme. In the present study, we report the sequence of Drosophila S6k and study its regulation during transient expression in mammalian cells.
MATERIALS AND METHODS
Cloning of S6k. Drosophila S6k cDNAs were obtained by screening Drosophila embryonic and third-instar cDNA libraries (provided by C. Thummel, University of Utah, Salt Lake City, UT), constructed in ZAPII vectors using RNA isolated from a wild-type strain (Canton-S). Plaques containing recombinant clones from the cDNA libraries were blotted onto Hybond-N membranes (Amersham) using standard methods (19) . The membranes were hybridized under low-stringency conditions at 37ЊC for 3 days with rat p70
S6k cDNA sequences (a gift from J. Avruch, Massachusetts General Hospital, Charlestown, MA) that were random-prime labeled (GIBCO͞ BRL, Life Technologies, Gaithersburg, MD). Plaques DNAs that gave positive signals on filters were isolated and counterscreened using the same conditions as the primary screen. Replicate filters were probed with Drosophila S6k cDNA fragments that were PCR-amplified using p70
S6k -specific primers and phage DNAs from the primary screen. These amplicons were sequenced and used to probe the filters at high stringency (65ЊC, 16 hr). Clones that remained positive through each round of screening were subjected to plasmid rescue using ExAssist (Stratagene) and were sequenced.
Southern and Northern Blot Analyses. Genomic DNAs derived from the strains y w 67c23 ; H{Lw2}55A, y w 67c23 ; H{Lw2}D85.6b, y w 67c23 ; H{Lw2}J9.102 and y w 67c23 ; Gla͞ SM6a (20) were digested, electrophoresed on agarose gels, and blotted as described below. Total RNA was isolated from wild-type animals and cultured cells using either a modified LiCl͞urea method (21) or a guanidine salt͞urea extraction protocol (RNazol, Biotecx Laboratories, Houston). The poly(A) ϩ RNA fraction was isolated from total RNA using a
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PolyAtract mRNA system (Promega). The RNA samples were resolved on 1% agarose͞formaldehyde gels, blotted onto Hybond-N membranes (Amersham), UV-crosslinked, hybridized in 1% bovine serum albumin͞0.5 M sodium phosphate, pH 7.2͞7% SDS buffer, and washed in 0.1% SDS͞0.1ϫ SSC (standard saline citrate) at 65ЊC. Probes were random-primed labeled (GIBCO͞BRL, Life Technologies) with [␣-32 P]dCTP (NEN).
PCR. DNA was amplified using the polymerase chain reaction under the following conditions: 100-200 ng of template DNA, 150 ng each of forward and reverse primers, all four dNTPs (each at 1.25 mM), 1ϫ buffer (Promega), and 2.5 units of Taq DNA polymerase (Promega). The PCR regimen involved 35 cycles of 94ЊC for 1 min, 47-70ЊC for 2 min (or 1-5ЊC below the lowest primer melt temperature), and 72ЊC for 3.5 min, followed by 1 cycle of 47-70ЊC for 2 min and 72ЊC for 10 min in a Perkin-Elmer͞Cetus DNA thermal cycler. The amplicons from these reactions were recovered from agarose gels and used as probes in hybridization experiments or as templates in sequencing reactions.
DNA Sequencing. DNAs derived from phage and plasmid recombinant clones and from PCR reactions were sequenced using dideoxynucleotide chain-termination methods with Sequenase (United States Biochemical) or double-stranded cycle sequencing (GIBCO͞BRL, Life Technologies). In either application, both DNA strands were sequenced using a series of 17-to 20-mer oligonucleotide primers.
FIG. 1. Predicted amino acid sequence of Drosophila melanogaster S6K and its alignment with human p85 S6k ͞p70 S6k . (A) Residue identities (vertical line) and conservative substitutions (:.) between S6K (Dm S6K) and p70 S6k (Hs p85 S6k ͞p70 S6k ) (5) are shown, with gaps introduced to maximize the alignment. Numeration of the protein sequences starts with the first in-frame methionine of S6K and the p70 S6k isoform. The catalytic domain is outlined and subdomains are indicated with Roman numerals. Residues known to be phosphorylated in the mammalian protein (24) are numbered below the line and boxed with the consensus kinase recognition motif underlined adjacent to each phosphoresidue. Comparable residues conserved in Drosophila S6K are boxed and͞or underlined. S6K contains the sequence motif FXGFT389YVAP that is found in members of the second messenger AGC family of related kinases (24) . The pseudosubstrate autoinhibitory (SKAIPS) domain includes residues 400-424 of p70 S6k (5) and the SKAIPS region in Drosophila S6K is represented by residues 409-431. The point of divergence of the putative S6K isoform is indicated above the sequence with an asterisk. Dm S6K accession no., U67304; Hs p85 S6k ͞p70 S6k accession no., M60724. (B) Comparisons between S6K and p70 S6k showing the overall identities and similarities in the N-terminal, catalytic, and C-terminal domains. Clear box shows the location of the SKAIPS domain, and the p85 S6k ͞p70 S6k isoforms are indicated. In Situ Hybridization to Polytene Chromosomes. Polytene chromosomes were prepared from Oregon R third-instar salivary gland cells. A modified version of the biotinylated DNA in situ hybridization protocol (22) was used with the omission of the acetylation steps and an increase in the length and number of washes. S6k cDNAs were random-primed using biotin-dATP substitution and hybridization was done at 37ЊC for 18 hr. Biotin-labeled chromosome sites were detected using streptavidin͞peroxidase reactions (Enzo Biochem) and chromosomes were counter-stained using Giemsa.
Mammalian Cell Transfections and S6 Kinase Assays. Epitope-tagged Drosophila S6 kinase (S6k) constructs were generated by cloning the S6k cDNA in-frame, downstream of the hemagglutinin (HA) or myc epitope sequences in the pJ3⍀ series vectors. NIH 3T3 cells were transfected with HA-p70 S6k or HA-S6k (11). Cells were starved for 24 hr and then stimulated with platelet-derived growth factor (PDGF) for various time periods in the presence or absence of wortmannin (100 nM) or RAP (20 ng͞ml). Cytosolic extracts were prepared and the recombinant proteins were immunoprecipitated with anti-HA antibodies (23) . S6 kinase activity was measured as previously described using RPS6 as substrate (6) . COS cells were transfected with myc-S6k using the DEAE-dextran method (11) . Myc-S6K was immunoprecipitated from growing cells treated with or without wortmannin or RAP. Kinase assays were performed using RPS6 as substrate (7).
RESULTS AND DISCUSSION
The gene encoding Drosophila p85 S6k ͞p70 S6k , called S6k, was isolated by low-stringency hybridization with mammalian p70 S6k probes. Three S6k cDNA classes were isolated from embryonic and third-instar larval libraries. Two classes of cDNA clones contained sequences predicting identical open reading frames (ORFs) encoding a polypeptide of 637 residues with a calculated molecular mass of 76 kDa (Fig. 1A) . The first cDNA class (class 1) had a 530-nt 5Ј untranslated region (UTR) whereas the second class (class 2) had an overlapping but shorter 5Ј UTR of approximately 90 nt. The third cDNA class had divergent 5Ј-end coding sequences but contained an identical ORF starting from residue 52 through to the C terminus suggesting a second isoform (Fig. 1 A) . The significance of the two putative isoforms is unknown. Two forms, p85 and p70, are found in mammalian cells, with the former containing an N-terminal extension with a nuclear localization signal (25) . The mammalian p85
S6k isoform is primarily nuclear whereas the p70 S6k isoform is both nuclear and cytoplasmic (26, 27) .
It is possible that the two Drosophila isoforms may perform similar roles as the mammalian isoforms. The conceptually translated S6K has all of the characteristic motifs of a serine͞ threonine protein kinase including the 12 canonical subdomains of the catalytic domain (28) . The catalytic domain shows the highest degree of amino acid identity (Ϸ78%) with mammalian p70
S6k (25) (Fig. 1B) . The N-terminal domain has 23% identity and 80% overall similarity with the human protein sequence suggesting that its general structure is important in the regulation or function of these enzymes. The C-terminal region contains sequences known as the SKAIPS (S6 kinase autoinhibitory pseudosubstrate) domain, which may regulate activity through interactions with the catalytic domain and the acidic N-terminal domain (5) . The Drosophila S6K SKAIPS region has 26% sequence identity with Drosophila RPS6 (21), its proposed substrate. This is similar to the sequence relationship between mammalian p70
S6k SKAIPS and the region of RPS6 that contains all of the known phosphorylation sites (5, 29) .
Genomic blots probed with different portions of the cDNA sequence suggests the presence of a single S6k gene (Fig. 2) . In support of this, in situ hybridization to polytene chromosomes using S6k cDNA probes detected only a single hybridization site on the third chromosome in polytene region 65D (data not shown).
The S6k gene gives rise to two major transcripts that are expressed throughout development, suggesting a continuous requirement for this enzyme (Fig. 3) . Two major transcripts of 3.0 and 5.0 kb are found at abundant steady-state levels in whole animal poly(A) ϩ or total RNA (Fig. 3A) . Two smaller transcripts (Ͻ3.0 kb) are expressed at lower levels at all tested developmental stages. All of these transcripts hybridized with probes that include the catalytic domain, C-terminal domain and the 3Ј UTR (Fig. 3) . Only the two major transcripts were detected with 5Ј-UTR probes common to class 1 and class 2 S6k cDNAs that also share a complete ORF (data not shown). These 5Ј-UTR probes did not detect the smaller transcripts (data not shown), suggesting that they have different Nterminal sequences. The smaller S6k transcripts are the predominant forms found in cultured air8 blood cells (Fig. 3B) , which are derived from RpS6 air8 (21) mutant larvae (K.L.W., D. J. Peel, W.M.G., R.L.E., and P. J. Bryant, unpublished results) suggesting that the S6k gene gives rise to tissue-specific expression patterns. An alternative explanation is that the S6k transcripts expressed in air8 cultured cells are influenced by the RpS6 air8 mutation.
Mitogen stimulation results in the phosphorylation and activation of p70 S6k (30, 31) . In cultured cells, p70 S6k shows a basal level of phosphorylation but additional phosphorylation is observed following mitogenic stimulation (30) . Phosphorylation at multiple sites, including T 229 and T 389 , appears to be critical for p70
S6k activation as demonstrated through the use of kinase mutants and two inhibitors (wortmannin and RAP), which act by eliminating the phosphorylation of these residues (24, 29, 32) . The high degree of sequence similarity between S6K and p70 S6k , including the conservation of residues T 229 and T 389 , suggests that they may have conserved biochemical functions and upstream regulators (Fig. 1 A) .
To determine whether S6K is regulated in a manner similar to the mammalian enzyme, HA-epitope-tagged S6K was transiently expressed in NIH 3T3 cells (Fig. 4 A and B) . The addition of PDGF led to the decreased electrophoretic mobility of HA-S6K as determined by immunoblot analysis (Fig.  4B) . The kinetics of the mobility shift were similar to that of p70 S6k , which exhibits multiple size forms in response to PDGF that are attributable to phosphorylation. This mobility shift coincided with the activation of HA-S6K, as measured by its ability to phosphorylate RPS6 (Fig. 4B) . Futhermore, pretreatment with wortmannin or RAP potently inhibited PDGFdependent phosphorylation and activation of HA-S6K (Fig.  4B ). Thus these results indicate that the upstream regulatory elements present in mammalian cells are capable of activating Drosophila S6K and that activated S6K can use mammalian RPS6 as a substrate. Expression of another epitope-tagged S6K (myc-S6K) in COS cells confirmed that the components required for the regulation of Drosophila S6K are present in other mammalian cell types (Fig. 4C) .
Although a variety of external stimuli can induce the activation of p70 S6k , its regulation is complex and multiple signals (21) ] when compared with adult female RNAs. Poly(A) ϩ RNA was isolated from wild-type animals at the following developmental stages: embryonic, 4-8 hr, 8-12 hr, 12-16 hr, and 16-20 hr; larval, including first-instar, second-instar, early thirdinstar, and late (wandering) third-instar; pupal, including mid-pupae (degraded) and late pupae; adult total RNA from mixed-aged females. The S6k probe used in all of the experiments included sequences derived from the catalytic domain, C-terminal domain, and the 3Ј UTR. Variations in sample loading on the gels were assessed by probing the filters with RpS6 sequences, which were shown to express consistent levels of 0.9-to 1.1-kb mRNA transcripts throughout development (21) . Proc. Natl. Acad. Sci. USA 93 (1996) 13697 are required to achieve its full activation. The cascades relaying these signals seem to have important roles in cell cycle progression through the translation of specific messages, the regulation of gene expression (30, 31, 33, 34) , or the direct interaction with other downstream targets. Our results provide evidence that the structure of Drosophila S6K is conserved with mammalian p70 S6k such that S6K responds to signal transduction pathways present in mammalian cells. The Drosophila system should facilitate the identification of genetic components modulating S6k expression and reveal the phenotypic consequences of altering their expression. This will elucidate the molecules with key roles in various biological processes that utilize these signaling pathways to affect cell growth, proliferation, and differentiation.
